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Metabolic diseases are characterized by the failure of regulatory genes or proteins to effectively orchestrate specific pathways
involved in the control of many biological processes. In addition to the classical regulators, recent discoveries have shown the
remarkable role of small noncoding RNAs (microRNAs [miRNAs]) in the posttranscriptional regulation of gene expression. In
this regard, we have recently demonstrated that miR-33a and miR33b, intronic miRNAs located within the sterol regulatory ele-
ment-binding protein (SREBP) genes, regulate lipid metabolism in concert with their host genes. Here, we show that miR-33b
also cooperates with SREBP1 in regulating glucose metabolism by targeting phosphoenolpyruvate carboxykinase (PCK1) and
glucose-6-phosphatase (G6PC), key regulatory enzymes of hepatic gluconeogenesis. Overexpression of miR-33b in human he-
patic cells inhibits PCK1 and G6PC expression, leading to a significant reduction of glucose production. Importantly, hepatic
SREBP1c/miR-33b levels correlate inversely with the expression of PCK1 and G6PC upon glucose infusion in rhesus monkeys. Taken
together, these results suggest that miR-33b works in concert with its host gene to ensure a fine-tuned regulation of lipid and glucose
homeostasis, highlighting the clinical potential of miR-33a/b as novel therapeutic targets for a range of metabolic diseases.

The liver plays an essential role in maintaining plasma glucose
levels to meet whole-body energy requirements. When food

sources exceed the needs of the body, the liver increases glucose
uptake, and it is converted into glycogen and triglycerides for fat/
energy storage, whereas during fasting, the liver produces glucose
by glycogenolysis and gluconeogenesis (1). In the early fasting
state, glucose is supplied to the central nervous system and periph-
eral tissues from the breakdown of liver glycogen stores. However,
during prolonged starvation, gluconeogenesis, which utilizes
nonglycosidic intermediates such as lactate and pyruvate, takes
over (1).

A complex network consisting of hormones, nuclear receptors,
intracellular signaling pathways, and transcription factors governs
the rate of de novo glucose synthesis. Specifically, hepatic gluco-
neogenesis is controlled through the transcriptional modulation
of phosphoenolpyruvate carboxykinase (PCK1) and glucose-6-
phosphatase (G6PC), the rate-limiting enzymes in this pathway
(1). The expression of Pck1 and G6pc is regulated by the counter-
acting hormones glucagon/glucocorticoids (fasting) and insulin
(feeding). Glucagon promotes hepatic glucose production by ac-
tivating cyclic AMP (cAMP)/protein kinase A (PKA) signaling,
which induces the formation of complex transcriptional machin-
ery consisting of transcription factors that include cAMP response
element-binding protein 1 (CREB1), Forkhead box O1 (FoxO1),
hepatic nuclear factor 4 (HNF4A), retinoic acid receptor (RAR)-
related orphan receptor alpha (ROR�), and coactivators such as
CREB-regulated transcription coactivator 2 (CRTC2), sirtuin 1
(SIRT1), p300/CBP (p300/CREB-binding protein), steroid recep-
tor coactivator 1 (SRC1), and SRC2 on the promoters of PCK1
and G6PC (2–5).

On the other hand, when glucose is directly available, gluco-
neogenesis is dispensable and consequently needs to be shut off.
Insulin is the most important hormone that inhibits hepatic glu-
coneogenesis, acting predominantly by suppressing PCK1 and
G6PC expression. Hepatocytes respond to insulin by halting glu-
coneogenesis through phosphorylation of protein kinase B (PKB),

also known as AKT (6–8). AKT phosphorylates and inhibits
FoxO1 translocation from the cytoplasm to the nucleus, thereby
reducing PCK1 and G6PC transcription levels and inhibiting glu-
cose output from the liver (9, 10).

Another important effect of insulin in the liver is the activation
of SREBP1c, a basic helix-loop-helix transcription factor that con-
trols the expression of genes that regulate lipid metabolism. The
SREBP family consists of three isoforms: SREBP1a and -1c, en-
coded by SREBP1, and SREBP2, encoded by SREBP2 (11–13).
SREBP2 is induced by sterol deprivation and regulates genes in-
volved in cholesterol synthesis and uptake, whereas SREBP1c is
the major dominant insulin-stimulated isoform in the liver, re-
sponsible for inducing fatty acid synthesis and lipid accumulation
(14). In primary hepatocytes, insulin increases the SREBP1c
mRNA expression level and processing in parallel with the
mRNAs of its target genes (14–18). Conversely, glucagon or cAMP
decreases the SREBP1c mRNA expression level and its associated
lipogenic target genes. In addition to the regulation of lipid synthesis,
the activation of SREBP1c results in a significant suppression of the
genes involved in glucose synthesis, including PCK1 (19, 20). How-
ever, the mechanism by which SREBP1c regulates hepatic gluconeo-
genesis after insulin stimulation remains unclear.

In addition to the classical transcription-dependent processes,
several recent reports have shown the critical role of specific
microRNAs (miRNAs) in regulating insulin production and sen-
sitivity, including miRNAs 103 and 107 (miR-103/107), miR-375,
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and let-7 (21–24). miRNAs are small (�23-nucleotide) single-
stranded RNAs that control the expression of protein-encoding
genes by acting primarily as sequence-specific inhibitors of
mRNA. They are processed as primary transcripts in the nucleus
and cytoplasm by the sequential actions of Drosha and Dicer en-
zymes, respectively. Once in the cytoplasm, mature miRNAs are
incorporated into the RNA-induced silencing complex (RISC)
and bind to partially complementary target sites in the 3= untrans-
lated region (3=UTR) of specific mRNAs, resulting in target
mRNA destabilization, repression of translation, or both (25–27).

We and others have previously identified a highly conserved
miRNA family, miR-33, embedded within intronic sequences of
the SREBP genes (28–32). Two miR-33 genes are present in hu-
mans: miR-33a, which is harbored in the intron of SREBP2, and
miR-33b, which is harbored in the intron of SREBP1. In mice,
there is only one miR-33 gene, which is the ortholog of human
miR-33a in the mouse Srebp2 gene. Metabolic stimuli that activate
expression of Srebp2 and Srebp1 also regulate miR-33a/b expres-
sion, indicating that miR-33a and miR-33b are coexpressed with
their host genes. Both miRNAs target genes involved in regulating
cellular cholesterol export and fatty acid oxidation, including
ABCA1, ABCG1, NPC1, CPT1A, CROT, and HADHB, thereby
suggesting that the SREBP transcription factors and miR-33a/b
may cooperate in a negative-feedback loop to regulate cholesterol
and fatty acid metabolism (28–32).

Given that the insulin-mediated activation of SREBP1c results
in the suppression of gluconeogenic enzymes, we wondered
whether miR-33b may cooperate with its host gene to regulate
hepatic glucose production. Very interestingly, we found that
miR-33b directly repressed the rate-limiting enzymes of hepatic
gluconeogenesis (PCK1 and G6PC) as well as several transcrip-
tional activators of this process, such as SRC1, ROR�, and CREB1.
Importantly, overexpression of miR-33b inhibited PCK1 and
G6PC expression and reduced glucose production in human he-
patic cell lines. Of note, stimulation of hepatic SREBP1c expres-
sion in nonhuman primates resulted in a concomitant increase in
the miR-33b expression level, suggesting that this genomic locus is
coregulated in vivo. Conversely, miR-33b target genes were down-
regulated under these conditions. Taken together, these findings
suggest that miR-33 may contribute to the regulation of glucose
homeostasis by regulating the expression of genes involved in he-
patic glucose production.

MATERIALS AND METHODS
Materials. Chemicals were obtained from Sigma unless otherwise noted.
A mouse monoclonal antibody against ABCA1 and a rabbit polyclonal
antibody against PCK1 were purchased from Abcam, and a mouse mono-
clonal HSP90 antibody was obtained from BD Bioscience. Goat poly-
clonal antibodies against G6PC and ROR� and rabbit polyclonal antibod-
ies against CREB1 and PCG1� were obtained from Santa Cruz Biotech. A
mouse monoclonal antibody against SRC1 and a rabbit polyclonal anti-
body against AMPK� were obtained from Cell Signal Technology. A rab-
bit polyclonal antibody against SIRT6 was obtained from Novus. Second-
ary fluorescently labeled antibodies were obtained from Molecular Probes
(Invitrogen).

Cell culture and treatments. Human hepatic HepG2 cells, obtained
from the American Type Culture Collection, were maintained in Dulbec-
co’s modified Eagle medium (DMEM) supplemented with 10% fetal bo-
vine serum (FBS), 2% penicillin-streptomycin, and L-glutamine in 10-
cm2 dishes at 37°C in 5% CO2. For gluconeogenesis induction, cells were
grown in glucose-free DMEM (Cellgro) supplemented with 0.5% bovine

serum albumin (BSA), 20 mM sodium lactate, and 2 mM sodium pyru-
vate in the presence of 100 nM dexamethasone (DXM) and 100 �M 2=-
O-dibutyryladenosine 3=-5=-monophosphate (Bt2-cAMP) or 1 �M gluca-
gon during 8 and 12 h. For some experiments, 100 nM insulin was added
to the cells after 12 h of gluconeogenesis induction for 8 and 12 additional
hours.

Transfection of miRNA mimics and miRNA inhibitors. Cells (50 to
70% confluence) were transfected with 40 nM miRIDIAN miRNA mimic
(miR-33b) or with 60 nM miRIDIAN miRNA inhibitor (Inh-miR-33b)
(Dharmacon) by utilizing RNAimax (Invitrogen) and studied 48 h later. In all
experiments, an equal concentration of a nontargeting control mimic (CM)
sequence (Con-miR) or inhibitor negative control (CI) sequence (Con-Inh)
was used as a control for non-sequence-specific effects in miRNA experi-
ments. Verification of miR-33 overexpression and knockdown was deter-
mined by using quantitative PCR (qPCR), as described below.

3=UTR luciferase reporter assays. cDNA fragments corresponding to
the 3=UTRs of human G6PC, PCK1, CREB1, PGC1�, SRC1, and ROR�
were amplified by reverse transcription-PCR from total RNA extracted
from HepG2 cells with XhoI and NotI linkers. The PCR products were
directionally cloned downstream of the Renilla luciferase open reading
frame in the psiCHECK2TM vector (Promega), which also contains a
constitutively expressed firefly luciferase gene, which is used to normalize
transfections. Site-directed mutations in the seed region of predicted
miR-33 sites within the 3=UTRs were generated by using Multisite-
QuikChange (Stratagene) according to the manufacturer’s protocol. All
constructs were confirmed by sequencing. COS-7 cells were plated into
12-well plates and cotransfected with 1 �g of the indicated 3=UTR lucif-
erase reporter vectors and the miR-33b mimic or negative CM (Dharma-
con) by using Lipofectamine 2000 (Invitrogen). Luciferase activity was
measured by using the Dual-Glo luciferase assay system (Promega). Re-
nilla luciferase activity was normalized to the corresponding firefly lucif-
erase activity and plotted as a percentage of the control (CM). Experi-
ments were performed in triplicate at least three times.

Hepatic glucose production. HepG2 cells were grown in 6-well dishes
and transfected with miR-33b mimic or negative control mimic; during
48 h, culture medium was replaced with 0.5 ml of glucose-free DMEM
(Cellgro) supplemented with 0.5% BSA, 20 mM sodium lactate, and 2
mM sodium pyruvate in the presence of 100 nM DXM and 100 �M
Bt2-cAMP. The glucose concentration in the culture medium was mea-
sured at 8 and 12 h by using the glucose-6-phosphate dehydrogenase-
based method from Invitrogen. Glucose values were normalized to the
total protein content and expressed as fold change versus control (CM)
cells at time zero (T0).

Measurement of glycogen content. HepG2 cells were grown in 6-well
dishes and transfected with miR-33b mimic or negative control mimic; 48
h later, cells were cultured in glucose-free DMEM (Cellgro) supplemented
with 0.5% BSA, without sodium lactate or sodium pyruvate, in the pres-
ence of 100 nM DXM and 100 �M Bt2-cAMP during 4 and 6 h. After
removal of culture medium, distilled water was added to the cells, and cells
were lysed with a handheld sonicator. Lysed supernatants were incubated
at 55°C for 30 min in 10 mM acetic acid in the presence or absence of
amyloglucosidase (7 mU/ml), which digests glycogen to glucose. After the
reaction, the samples were deproteinized with 3% (wt/vol) perchloric acid
and neutralized with 5 M KOH. Glucose contents of these samples were
measured as described above. The glycogen contents were determined by
subtracting the glucose levels of the undigested sample from those of the
digested samples.

RNA isolation and quantitative real-time PCR. Total RNA was iso-
lated by using TRIzol reagent (Invitrogen) according to the manufacturer’s
protocol. For mRNA quantification, cDNA was synthesized by using
iScript RT Supermix (Bio-Rad) according to the manufacturer’s protocol.
Quantitative real-time PCR (qRT-PCR) was performed in triplicate by
using iQ SYBR green Supermix (Bio-Rad) on a Real-Time Detection sys-
tem (Eppendorf). The mRNA level was normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as a housekeeping gene. The follow-
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ing human primer sequences were used: 5=-GGTTTGGAGATGGTTATA
CAATAGTTGT-3= and 5=-CCCGGAAACGCAAGTCC-3= for ABCA1,
5=-CTAGCTTGGCGCGGAATCCGTGA-3= and 5=-CACGGGCTAGAG
GAGGGGTCCA-3= for ALDO, 5=-CCCCTTTGCAGATGTATTGCTGT
C-3= and 5=-TCCCACAGTTCCGAGCTTCCTC-3= for 2,3-biphospho-
glycerate mutase (BPGM), 5=-ATGCCGGGAGAACTCTAACTCCC-3=
and 5=-GTCGATGGACGTCTCGTGCTC-3= for C/EBP�, 5=-GGCACCC
GCCGCGTTCATGCAA-3= and 5=-CCAAGGAGTCCGCCTCGTAG
T-3= for c/EBP�, 5=-TCGCACAGCACCCACTAGCA-3= and 5=-CACTC
TCGAGCTGCTTCCCTGT-3= for CREB1, 5=-TCCTGGTGGGGAGGAG
TCATACCAGG-3= and 5=-TGTTAGTTGGCTTGTCACGGTGCG-3= for
fructose-1,6-biphosphatase/fructose-1-phosphate (FBP/FPK), 5=-AACT
TTGGCATTGTGGAAGG-3= and 5=-ACACATTGGGGGTAGGAAC
A-3= for GAPDH, 5=-TGAATGGCTGCAGTGACCCAGATA-3= and 5=-T
GGATGTGGAGCCAGTGGAAGAAT-3= for G6PC, 5=-AGGGAATGCT
TGCCGACTCG-3= and 5=-TGCTCTACCTTCTCCTTCTTGGCG-3= for
glucokinase (GCK), 5=-CCCGGCATTTAAAGTGTTTGGTGC-3= and
5=-GAAGCCACAAGAGAAAGCCAGTGT-3= for GYG, 5=-ACACCGCA
CGCACCGAAATT-3= and 5=-CACGGCGCTCTTCAATTGCCT-3= for
PGC1�, 5=-CCAGGCGTACCAGGACCAGAA-3= and 5=-CGATAACCA
AGCGACCGATCCCG-3= for phosphoglucomutase (PGM), 5=-TCCTG
ATTGGGGCTCCAGGAGGG-3= and 5=-GGAGCGAGATGCCCCGAT
G-3= for pyruvate kinase (PKRL), 5=-CGACAAGTGCCCCAAGAG
GGTAT-3= and 5=-TGCAAGTCCCAGGGTTGCCAT-3= for glycogen
phosphorylase (PYGL), 5=-ATGTCAACTGGTTCCGGAAGGACA-3=
and 5=-TTTCAGGTTCAGGGCATCCTCCTT-3= for PCK1, 5=-TCGCAC
AGCACCCACTAGCA-3= and 5=-TCCAGGAACAACAGACGCCAGT
A-3= for ROR�, 5=-ACCACTTTGTCTGTCGAGCCTGA-3= and 5=-TCC
AGGCTCAGGTTTGGAGTTGAT-3= for SRC1, 5=-CCCAGCCAAAACA
GGGAGGCAT-3= and 5=-GGGAAAACGGGGGCCTTCTG-3= for SRC2,
5=-TCAGCGAGGCGGCGGCTTTGGAGCAG-3= and 5=-CATGTCTTC
GATGTCGGTCAG-3= for SREBP1c, 5=-CAAGATGCACAAGTCTGGC
G-3= and 5=-GCTTCAGCACCATGTTCTCCTG-3= for SREBP2, and 5=-
AGCTATCAATCTGTCAATCCTGTC-3= and 5=-GCTTAATTTGACTC
AACACGGGA-3= for 18S. The following monkey primer sequences were
used for SREBP1c: 5=-CAACGCTGGCCGAGATCTAT-3= and 5=-TCCC
CATCCACGAAGAAACG-3=. For miRNA quantification, total RNA was
reverse transcribed by using the RT2 miRNA First Strand kit (SABiosci-
ences). Primers specific for human miR-33b (SABiosciences) were used,
and values were normalized to the levels of SNORD38B mRNA as a house-
keeping gene. For miR-33 primary transcript (pri-miRNA) quantifica-
tion, cDNA was synthesized by using TaqMan reverse transcription re-
agents (Applied Biosystems) according to the manufacturer’s protocol.
Quantitative real-time PCR was performed in triplicate by using TaqMan
universal master mix (Applied Biosystems) on a Real-Time PCR system
(Applied Biosystems). For mouse tissues, total RNA from liver was iso-
lated by using the Bullet Blender homogenizer (Next Advance) in TRIzol.
One microgram of total RNA was reverse transcribed by using the using
the RT2 miRNA First Strand kit (SABiosciences) for miR-33b quantification,
and levels were normalized to those of SNORD66 by using quantitative PCR,
as described above. For target mRNA quantification, cDNA was synthesized
by using TaqMan reverse transcription reagents (Applied Biosystems) ac-
cording to the manufacturer’s protocol. Quantitative real-time PCR was per-
formed in triplicate by using TaqMan Universal Master Mix (Applied Biosys-
tems) on a real-time PCR system (Applied Biosystems).

Ribonucleoprotein immunoprecipitation. Immunoprecipitation
(IP) of endogenous Ago2-mRNA complexes was used to assess the asso-
ciation of endogenous Ago2 with endogenous target mRNAs. The assay
was performed with 20 million cells as the starting material per condition,
and lysate supernatants were precleaned for 30 min at 4°C by using 15 mg
of IgG (Santa Cruz Biotech) and 50 ml of protein A-Sepharose beads
(Sigma) that had been previously swollen in NT2 buffer (50 mM Tris [pH
7.4], 150 mM NaCl, 1 mM MgCl2, and 0.05% Nonidet P-40) supple-
mented with 5% BSA. Beads (100 ml) were incubated (16 h at 4°C) with 30
mg of antibody (either IgG [Santa Cruz Biotech] or anti-Ago2 [Abcam])

and then incubated for 3 h with 3 mg of cell lysate at room temperature.
After extensive washes and digestion of proteins in the IP material, RNA
was extracted and used for RNA quantification by qRT-PCR using the
primers listed above.

Metabolic profiling. Metabolomic studies were conducted at Metabo-
lon Inc. by using a nontargeted platform that enables relative quantitative
analysis of a broad spectrum of molecules with a high degree of confi-
dence. The metabolic profiling analysis combined 3 independent plat-
forms, ultra-high-performance liquid chromatography tandem mass
spectrometry (UHPLC/MS-MS2), optimized for acidic species, and gas
chromatography-mass spectrometry (GC-MS). The data represent
means � standard deviations (SD) and are representative of 5 experi-
ments (asterisks indicate a P value of �0.05 by Welch’s two-sample t test).

Western blot analysis. HepG2 cells were lysed in ice-cold buffer con-
taining 50 mM Tris-HCl (pH 7.5), 125 mM NaCl, 1% NP-40, 5.3 mM
NaF, 1.5 mM NaP, 1 mM orthovanadate, 1 mg/ml of protease inhibitor
cocktail (Roche), and 0.25 mg/ml AEBSF [4-(2-aminoethyl)benzenesul-
fonyl fluoride hydrochloride; Roche]. Cell lysates were rotated at 4°C for 1
h before the insoluble material was removed by centrifugation at 12,000 �
g for 10 min. After normalizing for equal protein concentrations, cell
lysates were resuspended in SDS sample buffer before separation by
SDS-PAGE. Following overnight transfer of the proteins onto nitro-
cellulose membranes, the membranes were probed with the indicated
antibodies, and protein bands were visualized by using the Odyssey
infrared imaging system (Li-Cor Biotechnology). Densitometry anal-
ysis of the gels was carried out by using ImageJ software from the NIH
(http://rsbweb.nih.gov/ij/).

Northern blot analysis. Total RNA (10 �g) was resolved in a 15%
polyacrylamide gel and blotted onto a Hybond-N� nylon membrane
(Amersham Biosciences). miRCURY LNA detection probe DNA oligonu-
cleotides for hsa-miR-33b were purchased from Exiqon. The oligonucle-
otide sequence 5=-GCAATGCAACAGCAATGCAC-3=, which is comple-
mentary to the mature miRNA, was end labeled with [�-32P]ATP and
T4 polynucleotide kinase (New England BioLabs) to generate highly-
specific-activity probes. The oligonucleotide sequence for 5S rRNA
was 5=-CAGGCCCGACCCTGCTTAGCTTCCGAGATCAGACGAGAT-
3=. Hybridization was carried out according to Express Hyb (Bio-Rad)
protocols. Probes were washed twice for 10 min at 25°C in 4� SSC (1�
SSC is 0.15 M NaCl plus 0.015 M sodium citrate)– 0.5% SDS.

Nonhuman primate studies. Five male rhesus monkeys (Macaca mu-
latta) aged 14.3 � 0.53 years (standard error of the mean [SEM]) were
fasted overnight and anesthetized with ketamine (10 mg/kg of body
weight); isoflurane gas maintained the anesthesia plane. An ultrasound-
guided needle biopsy specimen of the liver was collected at baseline and
flash frozen. For the glucose tolerance test (GTT), an intravenous (i.v.)
catheter was placed into the saphenous vein. Following the collection of 4
baseline blood samples (3 ml each), a dose of 300 mg/kg of 50% dextrose
(Hospire Inc., Lake Forest, IL) was delivered i.v. over 30 s. Blood samples
were then collected at 1, 5, 10, 15, 30, and 60 min after injection. Glucose
values were promptly measured in whole blood by using an Ascensia
Breeze 2 blood glucose-monitoring system (Bayer HealthCare LLC,
Mishawaka, IN), and additional serum samples were stored at �80°C for
subsequent analysis. A second liver biopsy specimen was collected imme-
diately following the 60-min time point and again 6 h after glucose infu-
sion. Animal procedures were approved by the Animal Care and Use
Committee of the Biogerontology Research Center, National Institute on
Aging. Liver RNA was isolated by using the Bullet Blender homogenizer
(Next Advance) with TRIzol. For mRNA quantification, 1 �g of total RNA
was reverse transcribed by using iScript RT Supermix (Bio-Rad) and iQ
SYBR green Supermix (Bio-Rad). Quantification of miR-33b and miR-
33a was performed by using the RT2 miRNA First Strand kit (SABiosci-
ences), as described above.

Statistics. All data are expressed as means � SEM. Statistical differ-
ences were measured by either a t test or two-way analysis of variance
(ANOVA) with Bonferroni correction for multiple comparisons when
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appropriate. A P value of �0.05 was considered statistically significant.
Data analysis was performed by using Prism (Statistical Graphics).

RESULTS
Srebp/miR-33 expression is coregulated during gluconeogene-
sis. It is well established that agonists of LXR, such as oxysterols or
insulin, lead to the hepatic induction of SREBP1c and more re-
cently miR-33b (28). Conversely, gluconeogenic stimuli, such as
glucagon and Bt2-cAMP, have been shown to inhibit SREBP1c
expression in primary hepatocytes (14). To determine whether
gluconeogenesis induction affects miR-33 expression, we treated
human hepatic cells with dexamethasone (DXM) and 2=-O-dibu-
tyryladenosine 3=-5=-monophosphate (Bt2-cAMP) or glucagon.
qRT-PCR analysis showed decreases of SREBP1c mRNA levels as
well as miR-33b levels after gluconeogenic stimuli, consistent with
their coregulation (Fig. 1A). We next examined the expression of

the miR-33 primary transcript (pri-miRNA) and the mature form
by Northern blotting. As shown in Fig. 1B, the expression levels of
pri-miR33b (top band) and the miR-33 mature form (bottom
band) decreased after treatment of HepG2 cells with DXM and
Bt2-cAMP, suggesting that miR-33 expression is regulated at the
transcriptional level. Similar results were observed when analyz-
ing pri-miR-33 expression by qRT-PCR (data not shown). Con-
versely, the expressions of PCK1 and G6PC and other coregulators
involved in the transcriptional regulation of these enzymes, such
as PGC1� and SRC1, were significantly increased at the mRNA
and protein levels upon gluconeogenesis induction (Fig. 1C and
D). In contrast, treatment with insulin induced SREBP1c and
miR-33b (Fig. 2A) but inhibited the expression of PCK1 and
PGC1� mRNAs (Fig. 2B). Altogether, these results demonstrate
that activation of the gluconeogenic genes correlates inversely

FIG 2 Inhibition of glucose synthesis induces SREBP1 and miR-33b expression. (A) qRT-PCR analysis of SREBP1c (left) and miR-33b (right) expression levels
in HepG2 cells treated with insulin during 8 and 12 h. (B) qRT-PCR analysis of PCG1� (left) and PCK1 (right) expression levels in HepG2 cells treated with
insulin during 8 and 12 h. Data are presented as means � SEM from 3 independent experiments performed in triplicate. �, P � 0.05 versus untreated cells (T0).

FIG 1 Induction of glucose synthesis reduces SREBP1 and miR-33b expression levels. (A) qRT-PCR analysis of SREBP1c mRNA (left) and miR-33b (right)
expression levels in HepG2 cells cultured in glucose-free medium in the presence of lactate-pyruvate (2 and 20 mM, respectively) and treated with dexamethasone
(DXM) and 2=-O-dibutyryladenosine 3=-5=-monophosphate (Bt2-cAMP) or glucagon during 8 and 12 h. Data are presented as means � SEM from 3 indepen-
dent experiments performed in triplicate. �, P � 0.05 versus untreated cells (T0). (B) Northern blot analysis of pri-miR-33b (precursor form) and miR-33b
(mature form) in HepG2 cells cultured in glucose-free medium in the presence of lactate-pyruvate (2 and 20 mM, respectively) and treated with DXM and
Bt2-cAMP during 8 and 12 h. 5S rRNA was used as a loading control. (C) qRT-PCR analysis of PCK1, G6PC, PGC1�, and SRC1 expression levels in HepG2 cells
cultured in glucose-free medium in the presence of lactate-pyruvate (2 and 20 mM, respectively) and treated with DXM and Bt2-cAMP during 8 and 12 h. Data
are presented as means � SEM from 3 independent experiments performed in triplicate. �, P � 0.05 versus nontreated cells (T0). (D) Representative Western
blot analysis of SRC1, G6PC, and PCK1 expression levels in HepG2 cells cultured in glucose-free medium in the presence of lactate-pyruvate (2 and 20 mM,
respectively) and treated with DXM and Bt2-cAMP during 8 and 12 h. HSP90 was used as a loading control.
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with SREBP1c and miR-33b expression. Thus, we postulate that
miR-33 may also cooperate with its host gene to regulate gluco-
neogenesis.

miR-33 regulates PCK1, G6PC, CREB1, SRC1, ROR�, and
PGC1� expression in human hepatic cells. Toinvestigate thepoten-
tial target genes of miR-33, we used a combination of bioinformatic
tools for miRNA target predictions (Targetscan [http://www
.targetscan.org/] and miRanda [http://www.microrna.org/]). In-
terestingly, we found that miR-33 had predicted binding sites in
many genes involved in glucose metabolism, including PCK1 and

G6PC, the rate-limiting enzymes of gluconeogenesis (Table 1).
We next determined whether or not miR-33 regulates the expres-
sion of PCK1 and G6PC by transfecting miR-33b oligonucleotides
in HepG2 cells. As shown in Fig. 3A, overexpression of miR-33b
increased its expression level 250-fold (data not shown) and sig-
nificantly inhibited PCK1 and G6PC mRNA levels. Moreover,
other predicted miR-33 target genes involved in glucose produc-
tion, including CREB1, PGC1�, SRC1, SRC2, ROR�, C/EBP�, and
C/EBP�, were also downregulated in miR-33b-transfected cells
(Fig. 3A). Conversely, endogenous inhibition of miR-33b using
anti-miR-33b oligonucleotides increased G6PC, CREB1, PGC1�,
SRC1, and ROR� expression levels (Fig. 3B). Similar effects were
observed at the protein level (Fig. 3C and D). As expected for the
conservation in the seed sequence, miR-33a overexpression also
reduced the expressions of PCK1 and G6PC at the mRNA and
protein levels (data not shown). Since both SREBP2 and SREBP1
are regulated by fasting/refeeding, it is likely that both miRNAs
control the expression of genes involved in the regulation of lipid
and glucose metabolism.

To assess directly the effects of miR-33b on the 3=UTRs of
PCK1, G6PC, SRC1, ROR�, and CREB1, we cloned the 3=UTRs of
these genes into luciferase reporter plasmids (Fig. 4A). As shown
in Fig. 4B, miR-33b significantly repressed PCK1, G6PC, SRC1,
ROR�, and CREB1 3=UTR activities. Mutation of the miR-33 tar-
get sites relieved miR-33 repression of the PCK1, G6PC, SRC1,

TABLE 1 miR-33 predicted targets

Gene

Presence of targeta determined by:

miRanda miRwalk Targetscan

c/EBP� X X
c/EBP� X X
CREB1 X X
CREBBP X X
G6PC X X X
PCK1 X X X
PGC1� X X X
ROR� X X
SRC1 X X
SRC2 X X
a X, predicted binding site present.

FIG 3 miR-33 controls expression of multiple genes involved in regulation of gluconeogenesis. (A and B) qRT-PCR analysis of PCK1, G6PC, CREB1, CREBBP,
PGC1�, SRC1, SRC2, ROR�, C/EBP�, C/EBP�, and ABCA1 mRNA expression levels in HepG2 cells transfected with miR-33b mimic (miR-33b) or control
mimic (CM) (A) or miR-33b inhibitor (Inh-miR-33b) or control inhibitor (CI) (B). Data are expressed as relative expression levels and correspond to the
means � SEM from 3 independent experiments performed in triplicate. �, significantly different from cells transfected with CM (normalized to 1) (A, dashed
line) or CI (normalized to 1) (B, dashed line) (P � 0.05). (C and D) Western blot analysis of PCK1, G6PC, CREB1, SRC1, ROR�, PGC1�, ABCA1, and HSP90
in HepG2 cells transfected with miR-33b (C) or Inh-miR-33b (D). Right panels show the band densitometry analysis of the Western blots. Data are expressed as
relative expression levels and correspond to means � SEM from 3 experiments. �, significant differences from cells transfected with CM or CI (P � 0.05). A.U.,
arbitrary units.
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ROR�, and CREB1 3=UTR activities, consistent with a direct in-
teraction of miR-33 with these sites (Fig. 4B). As expected by this
direct interaction, overexpression of miR-33 in HepG2 cells sig-
nificantly enriched the association of ABCA1, G6PC, SRC1, and
CREB1 mRNAs with Ago-containing complexes (Fig. 4C).

miR-33 regulates glucose production in human hepatic cells.
Gluconeogenesis is mainly responsible for the maintenance of
blood glucose levels under prolonged fasting conditions in the
presence of nonglycosidic intermediates. This process requires the
induction of specific genes, such as PCK1, G6PC, and other spe-
cific downstream components that control these enzymes at the
transcriptional level (2–5). Given that miR-33 regulates the ex-
pression of PCK1 and G6PC at the posttranscriptional level, we

investigated the effects of miR-33b on gluconeogenesis-depen-
dent gene induction. To this end, we transfected HepG2 cells with
control mimic (CM) and miR-33b, and 48 h later, we cultured
them in glucose-free medium containing lactate-pyruvate (20 and
2 mM, respectively), 100 nM DXM, and 100 �M Bt2-cAMP for 8
and 12 h. As expected, PCK1, G6PC, CREB1, SRC1 and ROR�
were induced after the treatment (Fig. 5A). Importantly, overex-
pression of miR-33b significantly reduced the induction of these
genes at each time point (Fig. 5A). In another set of experiments,
we analyzed the expression of PCK1, G6PC, SRC1, and ROR�. As
shown in Fig. 5B, overexpression of miR-33b resulted in signifi-
cant reductions of PCK1, G6PC, SRC1, and ROR� levels. SIRT6
and AMPK�, validated miR-33 targets, were used as positive con-

Fig 4 miR-33b binds to the 3=UTRs of PCK1, G6PC, SRC1, ROR�, and CREB1. (A) PCK1, G6PC, SRC1, ROR�, and CREB1 3=UTR sequences. Underlined
sequences indicate the miR-33-binding sites. Nucleotides highlighted in red indicate the point mutations in the miR-33-binding sites. (B) Luciferase reporter
activity in COS-7 cells transfected with control miRNA (CM) or miR-33 mimic (miR-33b) and the PCK1, G6PC, SRC1, ROR�, or CREB1 3=UTR (wild type
[WT]) or the constructs containing the indicated point mutations (MUT). DM indicates that the two miR-33-binding sites are mutated in the same construct.
Data are expressed as relative luciferase activity compared to the activity in control samples cotransfected with an equal concentration of CM and correspond to
the means � SEM of 3 experiments performed in duplicate. �, significantly different from cells cotransfected with CM; #, significantly different from cells
transfected with CM or miR-33b and the wild-type 3=UTR (P � 0.05). (C) G6PC, PCK1, SRC1, CREB1, and ABCA1 mRNA levels determined by Ago IP relative
to IgG IP were quantified by ribonucleoprotein immunoprecipitation followed by RT-qPCR analysis in Huh-7 cells transfected for 24 h with miR-33b. Results
are the means � SEM of 2 experiments performed in duplicate.
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FIG 5 miR-33 regulates glucose production in HepG2 cells. (A) qRT-PCR analysis of PCK1, G6PC, CREB1, SRC1, and ROR� expression levels in HepG2 cells
transfected with control miRNA (CM) or miR-33b mimic (miR-33b) and treated with DXM and Bt2-cAMP during 8 and 12 h in glucose-free medium in the
presence of lactate-pyruvate (2 and 20 mM, respectively). Data are presented as means � SEM from 3 independent experiments performed in triplicate. �, P �
0.05 versus untreated cells at each time point. (B) Western blot analysis of PCK1, G6PC, SRC1, ROR�, AMPK�, SIRT6, and HSP90 expression levels in HepG2
cells transfected with CM or miR-33b and treated with DXM and Bt2-cAMP or glucagon in glucose-free medium in the presence of lactate-pyruvate (2 and 20
mM, respectively) during 8 and 12 h. Data correspond to a representative experiment among two that gave similar results. (C) Glucose production in HepG2 cells
transfected with CM or miR-33 and stimulated with DXM and Bt2-cAMP in glucose-free medium in the presence of lactate-pyruvate (2 and 20 mM, respectively)
during 8 and 12 h. Data are expressed as the fold change between glucose production at different time points and that in untreated cells � SEM and are
representative of �3 experiments. �, P � 0.05. (D) Glucose production in HepG2 cells transfected with green fluorescent protein (GFP) or PCK1-GFP/G6PC-
GFP in the presence of CM or miR-33 and stimulated with DXM and Bt2-cAMP in glucose-free medium in the presence of lactate-pyruvate (2 and 20 mM,
respectively) during 8 and 12 h. Data are expressed as the fold change between glucose production at 8 h and that in untreated cells � SEM and are representative
of �3 experiments. �, P � 0.05. Right panels show the transfection efficiency by immunofluorescence (top) and Western blotting (bottom). Immunofluore-
scence images and Western blot images are representative of 3 independent experiments that gave similar results. (E) Glucose production in HepG2 cells
transfected with nontargeting siRNA (siRNA ctrl) or SREBP1 siRNA in the presence of CM or miR-33 and stimulated with DXM and Bt2-cAMP in glucose-free
medium in the presence of lactate-pyruvate (2 and 20 mM, respectively) during 8 h. Data are expressed as the fold change between glucose production after 8 h
of treatment and glucose production in untreated cells � SEM and are representative of �3 experiments. �, P � 0.05. Western blot insets show the siRNA
transfection efficiency.
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trols in this set of experiments (Fig. 5B). To test directly whether
miR-33b levels influence glucose production, we transfected
HepG2 cells with miR-33b and analyzed the glucose content in the
medium after DXM and Bt2-cAMP stimulation. In agreement
with PCK1 and G6PC inhibition, overexpression of miR-33b sig-
nificantly decreased glucose secretion (Fig. 5C). Conversely,
miR-33 inhibition increased glucose production compared to that
in cells transfected with the control inhibitor (data not shown).
We further assessed whether the overexpression of G6PC and
PCK1 rescues the effect of miR-33 on glucose production. To this
end, we transfected HepG2 cells with G6PC and PCK1 cDNAs that
lacked the 3=UTR sequences and were thus resistant to miR-33
inhibitory action. The results showed that expression of G6PC and
PCK1 rescued glucose production in miR-33-overexpressing cells
(Fig. 5D), suggesting that both target genes are critical for the
miR-33 inhibitory effect on gluconeogenesis. We next analyzed
whether SREBP1c expression during gluconeogenic stimulation
was important for the inhibition of glucose production in miR-
33-transfected cells. As shown in Fig. 5E, miR-33 overexpression
significantly reduced glucose production in cells transfected with
negative-control small interfering RNA (siRNA) and SREBP1
siRNA, suggesting that the inhibition of glucose production in
HepG2 cells transfected with miR-33 is independent of SREBP1

expression. Altogether, these results suggest that miR-33 plays a
role in regulating glucose synthesis and secretion.

miR-33 also regulates glucose metabolism by inhibiting gly-
cogen degradation. Previous reports have demonstrated that
SRC1 and ROR� regulate the transcription of pyruvate carboxy-
lase (PC), PCK1, and G6PC (33, 34). Specific knockdown of SRC1
reduced G6PC expression levels and glucose production in the
liver (34). Moreover, the absence of SRC1 resulted in increased
expression levels of glycolytic and glycogenosynthesis genes and
decreased expression levels of genes involved in the degradation of
glycogen in the liver (35). Since SRC1 and ROR� are miR-33
target genes, we sought to analyze whether miR-33 may also con-
tribute to the regulation of glycolysis and glycogen metabolism. As
shown in Fig. 6A, qRT-PCR analysis revealed an increase in the
expression level of glucokinase (GCK) mRNA in HepG2 cells
transfected with miR-33b. miR-33 levels did not significantly af-
fect the expression of other glycolytic genes, including the genes
for aldolase A (ALDOA), 2,3-biphosphoglycerate mutase
(BPGM), pyruvate kinase (PKRL), and fructose-1-phosphate/
fructose-1,6-biphosphatase (FPK/FBP) (Fig. 6A). miR-33b over-
expression also reduced the levels of several enzymes involved in
glycogenolysis, including glycogen phosphorylase (PYGL) and
phosphoglucomutase (PGM). Moreover, the expression of glyco-

FIG 6 miR-33 modulation of genes involved in glucose homeostasis. (A) qRT-PCR analysis of genes involved in glycolysis, including GCK, ALDO, BPGM,
FBP/PFK, and PKLR, in HepG2 cells transfected with miR-33b. ABCA1 was included as a positive control. (B) qRT-PCR analysis of genes involved in glycogen
metabolism, including GYG, PGM, and PYGL, in HepG2 cells transfected with miR-33b. Data are expressed as relative expression levels and correspond to the
means � SEM from 3 independent experiments performed in triplicate. �, significantly different from cells transfected with CM (normalized to 1) (dashed line).
(C) qRT-PCR analysis of PGM expression in HepG2 cells transfected with control miRNA (CM) or miR-33b mimic (miR-33b) and treated with DXM and
Bt2-cAMP during 2, 4, and 6 h in glucose-free medium in the absence of lactate or pyruvate. Data are presented as means � SEM from 3 independent experiments
performed in triplicate. �, P � 0.05 versus untreated cells at each time point. (D) Glycogen content in HepG2 cells transfected with CM versus miR-33b. Data are
presented as means � SEM from 3 independent experiments performed in triplicate. �, significantly different from cells transfected with CM (P � 0.05).
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genin (GLYG), an enzyme involved in the synthesis of glycogen,
was not affected in HepG2 cells transfected with miR-33 oligonu-
cleotides (Fig. 6B). To corroborate the effect of miR-33 on glyco-
genolysis, we transfected HepG2 cells with nontargeting control
miRNA (CM) or miR-33b; 48 h later, cells were cultured in glu-
cose-free medium with DXM and Bt2-cAMP for 2, 4, and 6 h in the
absence of lactate-pyruvate. Under these conditions, we found
that the PGM expression level was significantly reduced in miR-
33b-transfected cells, suggesting that the lysis of glycogen may be
affected by miR-33b (Fig. 6C). These results correlate with the
increased glycogen content observed in HepG2 cells transfected
with miR-33b compared with that of cells transfected with CM
(Fig. 6D). Taken together, these results strongly suggest that miR-
33b contributes to the regulation of glucose metabolism by reduc-
ing gluconeogenesis and glycogenolysis in human hepatic cell
lines.

To further explore the role of miR-33 in regulating glucose
metabolism, we next assessed the effect of miR-33 overexpression
on the global metabolomics profile of human hepatic cells
(Metabolon Inc.). The results indicate that miR-33 overexpres-
sion results in altered intracellular concentrations of 271 bio-
chemicals (23 upregulated and 5 downregulated), with a P value of
	0.05 by Welch’s two-sample t test. Specifically, we observed that
miR-33 overexpression increased levels of ribulose, lactate, and
pyruvate and reduced levels of glucose-6-phosphate and fructose-
6-phosphate (Fig. 7A). This accumulation of intermediates in the
pentose phosphate pathway (PPP) (ribulose and ribulose-5-phos-
phate) suggests that in addition to inhibiting gluconeogenesis,
miR-33 might enhance glycolysis in human hepatic cells (Fig. 7B).

miR-33 regulates glucose metabolism in vivo. The lack of
conservation of miR-33b and the miR-33-binding sites in the
mouse SIRT6, PCK1, and G6PC 3=UTRs makes it difficult to raise
definitive conclusions about the role of miR-33 in regulating glu-
cose metabolism by using rodent models. Therefore, we decided
to analyze the expression of miR-33b and its target genes in rhesus
monkeys. To this end, we acutely administered glucose intrave-
nously and measured blood glucose and insulin levels at different
time points. As expected, insulin levels were increased after 15 min
of glucose infusion, leading to an enhancement of SREBP1c and
miR-33b expression levels in the liver (Fig. 8A and B). Further-
more, the increase of plasma insulin levels did not affect SREBP2
and miR-33a expression (Fig. 6C). Most importantly, expression
levels of PCK1 and G6PC mRNAs and the encoded proteins in-
versely correlated with miR-33b levels in the liver (Fig. 8D and E),
suggesting that miR-33b may play an important role in regulating
the expression of these genes at the posttranscriptional level.
Taken together, these results strongly suggest that miR-33 may
play an important role in regulating hepatic glucose production
and also provide the first in vivo evidence of SREBP1/miR-33b
coregulation upon physiological stimulation.

DISCUSSION

In response to nutritional challenges, metabolic gene expression
needs to be precisely controlled to maintain glucose and lipid
homeostasis. This control is classically accomplished by a network
of transcription factors and coactivators, which are responsible for
connecting hormonal and nutrient signals to the transcriptional
regulation of metabolic pathways. In this regard, miRNAs consti-

FIG 7 miR-33 overexpression decreases glucose-6-phosphate and fructose-6-phosphate levels and increases the accumulation of lactate, pyruvate, ribulose, and
ribulose 5-phosphate. (A) Relative levels of glucose-6-phosphate, fructose-6-phosphate, lactate, pyruvate, ribulose, and ribulose 5-phosphate in HepG2 cells
transfected with miR-33 compared to cells transfected with control miRNA (Ctrl-miR). The error bars represent means � SD and are representative of 5
experiments. �, P � 0.05 by Welch’s two-sample t test. (B) Schematic representation of the metabolic effect of miR-33 on glucose metabolism. Green and red
boxes represent metabolites that are accumulated or depleted in HepG2 cells transfected with miR-33 compared with cells transfected with control miRNA,
respectively. DHAP, dihydroxyacetone phosphate; glucose 6-P, glucose-6-phosphate.
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tute an additional layer of regulation at the posttranscriptional
level, which plays a crucial role in metabolic homeostasis.

We and others have previously established that during sterol/
lipid-limited states, miR-33a and miR-33b are generated with
SREBP2 and SREBP1 and target genes involved in cholesterol ex-
port and fatty acid degradation, such as ABCA1, ABCG1, HADHB,
CROT, and CPT1�, suggesting a cooperative model to ensure
lipid balance in the cell (28–32). In the current study, we demon-
strate that miR-33b is coexpressed with its host gene in response to
insulin and regulates the expression of a set of genes that control
hepatic gluconeogenesis, including PCK1, G6PC, CREB1, SRC1,
and ROR� (3, 10, 36–38). We also show that miR-33b overexpres-
sion in human hepatic cells reduces glucose secretion and con-
comitantly inhibits the expression of the PCK1, G6PC, CREB1,
SRC1, and ROR� genes observed during the stimulation of gluco-
neogenesis. Most importantly, the induction of hepatic SREBP1c
expression in rhesus monkeys after glucose infusion results in an
increase of miR-33b levels and downregulation of the gluconeo-
genic miR-33 target genes PCK1 and G6PC.

In the liver, the control of lipid metabolism and the control of
glucose metabolism are closely linked. A principal mechanism
whereby insulin alters gene expression in this tissue is through
transcriptional upregulation and processing of SREBP1c (39).

Several lines of evidence indicate that SREBP1c not only is respon-
sible for the lipogenic effects of insulin in the liver but also partic-
ipates in the suppression of the gluconeogenic program by inhib-
iting PCK1 and G6PC expression. Interestingly, our results
strongly suggest that miR-33b may cooperate with SREBP1c in
regulating glucose production by directly targeting the PCK1 and
G6PC 3=UTRs.

In addition to the above-mentioned transcriptional regulators,
miR-33 also regulates the expression of SRC1 and SRC2, which
have recently been described as important regulators of glucose
metabolism. In response to starvation, SRC1 cooperates with
c/EBP� to induce the expression of PC and PCK1 in the liver (34).
Indeed, liver-specific knockdown of SRC1 impairs glucose pro-
duction and causes hypoglycemia in mice (34). On the other hand,
SRC2 coactivates ROR�, which transcriptionally induces the lev-
els of G6PC, an enzyme that serves as a terminal gatekeeper for
hepatic glucose release into the plasma (33).

miR-33 also regulates the expression of genes involved in the
regulation of glycogen metabolism. Overexpression of miR-33 in
human hepatic cells results in significant inhibition of the levels of
PGM as well as other enzymes involved in glycogen degradation.
However, the direct effect of miR-33 on PGM expression remains
to be explored. Another potential mechanism that may lead to

FIG 8 SREBP1/miR-33b expression correlates inversely with PCK1 and G6PC levels in the liver of rhesus monkeys. (A) Blood glucose and insulin levels of rhesus
monkeys fasted overnight and stimulated with glucose (dextrose, 300 mg/Kg). Measurements were performed after 5, 10, 15, 30, 60, and 360 min of intraperi-
toneal glucose injections. (B and C) qRT-PCR analysis of SREBP1c mRNA and miR-33b (B) and SREBP2 and miR-33a (C) expression levels in the liver of rhesus
monkeys after 60 min of glucose stimulation. Data are presented as means � SEM (n 
 6). �, P � 0.05 versus nontreated rhesus monkeys (T0). (D) qRT-PCR
analysis of PCK1 and G6PC levels in the liver of rhesus monkeys after 60 min of glucose infusion. Data are presented as means � SEM (n 
 6). �, P � 0.05 versus
nontreated rhesus monkeys (T0). (E) Western blot analysis of PCK1 and G6PC expression levels in the liver of rhesus monkeys after 60 min of glucose
stimulation. Data correspond to a representative experiment among three that gave similar results. (F) Schematic representation of the proposed regulation of
hepatic gluconeogenesis by miR-33b. Red boxes represent the miR-33 target genes involved in hepatic glucose production.
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glycogen accumulation in cells transfected with miR-33 oligonu-
cleotides is the direct inhibition of ROR� and G6PC. The latter
serves as a common enzyme in the last steps of both gluconeogen-
esis and glycogenolysis, and its deficiency results in an increase of
glycogen storage in the liver (40, 41). Taken together, these results
suggest that miR-33 mimics the metabolic effects of insulin in the
liver, i.e., the suppression of gluconeogenesis and glycogenosyn-
thesis.

It is well established that the AKT signaling pathway is rapidly
induced after insulin stimulation, but hepatic gluconeogenesis
continues well into the later stages of refeeding, suggesting that the
suppressive effects of insulin on gluconeogenesis are not immedi-
ate and that gluconeogenesis requires hours to be quantitatively
suppressed. In addition to the classic insulin-mediated inhibition
of gluconeogenesis by the phosphorylation of FoxO1, other novel
players in the regulation of this process are starting to emerge. A
recent report indicated that Cdc2-like kinase (Clk2), an insulin/
AKT-induced gene, phosphorylates PGC1�, leading to a potent
repression of gluconeogenic gene expression and hepatic glucose
output (42). Moreover, the targets of rapamycin complex 2
(mTORC2) have been shown to be required for insulin suppres-
sion of hepatic gluconeogenesis in vivo, since chronic rapamycin
treatment induces insulin resistance in liver (43). Thus, the iden-
tification of miR-33b as a suppressor of gluconeogenesis may rep-
resent an additional mechanism to ensure insulin inhibition of
gluconeogenesis at the posttranscriptional level. In agreement
with this hypothesis, it has recently been reported that metformin,
a known antidiabetic drug that inhibits hepatic glucose produc-
tion, induces the expression of miR-33 (44).

In summary, our results define a model whereby miR-33b and
SREBP1 coordinately regulate the insulin signaling pathway and
glucose metabolism at multiple points (Fig. 8F), a concept that is
consistent with the hypothesis that miRNAs regulate signaling
pathways by fine-tuning the production of a broad array of pro-
teins rather than switching single components on or off (45). It is
important to note that the contribution of miR-33 in regulating
gluconeogenesis is missing in rodents because the conservation of
miR-33b within intron 17 in the SREBP1 gene is lost. Therefore,
future studies in nonhuman primates treated with miR-33b anti-
sense oligonucleotides will be important to reveal the role of miR-
33b in regulating the insulin-dependent SREBP1-mediated meta-
bolic processes in the liver as well as in other metabolically active
tissues.
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